N-Alkylcyanopyridinium
derivatives which have a cyano group at the 2-, 3-, or 4-position of the pyridine ring were synthesized from the corresponding cyanopyridines and alkyl bromides at 80°C for 72 h under 80 MPa. The bactericidal and bacteriostatic activities of the bromides against Escherichia coli K12 W3110 were strongly affected by the structures of the substituents.
Their activities were enhanced in proportion to the alkyl chain length , or the molecular hydrophobicity. The derivatives with the dodecyl group had the same high activities as the derivatives with longer alkyl chains (carbon number = 14 -18) . The introduction of a cyano group enhanced the bactericidal activity, and the derivative with the substituent at the 2-position showed the strongest activity. All of the three dodecylcyanopyridinium bromides had a higher activity in an alkaline medium than in an acidic medium. According to the measurement of the critical vesiculation concentrations of the bromides and the observation with a scanning electron microscope, the cells treated with the bromides leaked turbid materials . The pKa values of the corresponding cyanopyridines did not correlate with their bactericidal activities, but the NMR spectra of the most effective drug, dodecyl-2-cyanopyridinium bromides, implied the increase of the electron density of the ammonium nitrogen atom.
INTRODUCTION
Since quaternary ammonium salts, as bactericides, have a relatively lower toxicity and wide range of antimicrobial spectra, they have been very popularly used in food industries, textile industries and hospitals. Many studies about the syntheses and the antimicrobial characteristics of various quaternary ammonium salts have been done (Baley et al., 1977; Darragh and Stayner, 1954; Dixon et al., 1976; Kourai and Takeichi, 1970; Kourai et al., 1972; 1973; Yabuhara et al., 1972) . Then, it has been reported that these antimicrobials cause the lysis of the bacterial cell wall and kill the cell, and that the hydrophobic group binding to the ammonium nitrogen contributes to their antimicrobial activity (Kourai, 1984; Kourai et al., 1978; 1980a; 1980b; 1983a; 1983b; 1983c; 1985; 1989; 1994a; 1994b; 1994c , 1995 . However, for the purpose of designing the new antimicrobial drug with a stronger bactericidal activity, a more detailed study about their bactericidal characteristics or mechanism is needed.
In this paper, we will report on the syntheses of Nalkylcyanopyridinium bromides, the derivatives with an electron-attracting substituent of cyano group, and Syntheses of N-alkylcyanopyridinium bromide derivatives N-Alkyl-2-cyanopyridinium bromide (2CNP-n) was synthesized as follows. A mixture of 2-cyanopyridine (0.04 mol) , n-alkyl bromide (0.04 mol) and ethyl alcohol (20 ml) was heated at 80°C for 72 h under 80 MPa of static pressure with a high pressure reactor (YHP-92, Yamashita Giken Co., Tokushima) . After the reaction mixture was concentrated with a rotary evaporator under a reduced pressure, the precipitated coarse crystals were washed with diethyl ether. The crystals were recrystallized from ethyl acetate-ethyl alcohol (1 : 2) or ethyl alcohol.. N-Alkyl-3-cyanopyridinium bromides (3CNP-n) and N-alkyl-4-cyanopyridinium bromides (4CNP-n) were synthesized and recrystallized by the method described above. 64.17 ppm (4CNP-12) were assigned to the carbons adjacent to the ammonium nitrogen, and the signals of 115.74 ppm (3CNP-12) and 115.25 ppm (4CNP-12) were assigned to the carbons of the cyano group. On the other hand, the corresponding chemical shifts of 2CNP-12 were detected at 63.61 ppm and 111.69 ppm. These NMR data are consistent with the proposed structures of CNP-n. they were proved to be the most effective of those with different length of alkyl chains (carbon number = 8 -18) , as described below. From the data, it was proved that the introduction of a cyano group into the pyridine ring enhances the bactericidal activity, that the introduced position affects its bactericidal activity, and that the derivative with the substituent at the 2-position is the strongest. Furthermore, since the values of MIC are similar to the values of MBC in the table, the components contained in nutrient broth, such as proteins, amino acids, lipids and saccharides, seem to have no effect upon the antimicrobial activity.
As for 2CNP-12, the most effective bromide as described above, the bactericidal activity against various bacteria was measured and is shown in Table 3 . From these results, 2CNP-12 was proved to have a strong bactericidal activity and wide range of bactericidal spectra. Its bactericidal activity is stronger against gram-positive bacteria than gram-negative bacteria. Generally, the cell surface of gram-positive bacteria is known to be more hydrophobic than that of gram-negative bacteria (Kourai et al., 1989) . Therefore, it is suggested that a hydrophobic interaction between a bactericide like 2CNP-12 and bacteria largely affects its bactericidal action. Effect of pH on bactericidal activity The effect of pH on the bactericidal activity of 2CNP-12, 3CNP-12 and 4CNP-12 is shown in Fig.4 . All of the three had a higher activity in an alkaline medium than in an acidic medium, that is, their activities were strongly dependent upon the pH value of the medium. This result is consistent with that of our previous data (Kourai et al., 1980a) . Then, it is indicated that the position of a cyano group is not related to the pH dependence of bactericidal activity. Therefore, to give the compound stable activity in the both acidic and alkaline media, groups with a high buffer action, except for the cyano group, should be introduced into the pyridine ring. Relation between bactericidal activity and alkyl chain length The effect of the alkyl chain length upon the bactericidal activity of CNP-n (n=8 -18) was investigated (Fig.5) . As for all bromides, their activities were enhanced in proportion to the increase of alkyl chain length, as reported previously regarding other antimicrobials (Kourai et al., 1978; 1980a) . However, the bromides with a longer alkyl chain 14, 16, 18, 18, 18 ) have almost the same activity. 2CNP-n had a higher activity than other bromides with all kinds of alkyl chains (except for the decyl chain). Since the introduction of the alkyl chain into a compound generally increases its hydrophobicity, the hydrophobicity of the bromides is supposed to be closely related to its bactericidal activity (Kourai et al., 1983b; 1983c) . Then, the bactericidal activities of synthesized bromides were plotted against its RM value (Fig. 6) . The plots accorded to the curves that rose and gradually approached the maximum, and those curves shifted upward in the order of 4CNP-n, 3CNP-n, 2CNP-n. From this figure, it is clear that the hydrophobicity of CNP-n contributes to the enhancement of its bactericidal activity. Since Kourai et al. reported a similar result in terms of N-alkyl-4-butenylpyridinium bromides (Kourai et al., 1994c) and other antimicrobials, this feature might be one of the general criteria to keep in mind when designing new antimicrobial drugs. (Kourai et al., 1994a; 1994c; 1995 Inhibition of cell growth by alkylcyanopyridinium bromides To clarify the bactericidal mechanism of CNP-n , the cell growth in the presence of 2CNP-12 (27 .5 u M) was measured. Figure 9 indicates that 2CNP-12 brought about radical cell lysis at the late exponentialphase. This data alone would suggest two possibilities (Kourai, 1984) : that 2CNP-12 destroys the structure of cell surface directly, or that 2CNP-12 induces the action of some enzymes which can lyse the cell. Then, erythromycin, an antibiotic able to inhibit the syntheses of cellular proteins, was added in addition to 2CNP-12. Whether erythromycin was added before or after 2CNP-12, 2CNP-12 caused the cell lysis. Consequently, the bactericidal action of 2CNP-12 is not an indirect induction of an enzymatic mechanism, but a direct bacterioclastic action as caused by surfactants.
Structure-activity relationship of alkylcyanopyridinium bromides
The results mentioned above suggest that the bactericidal activities of the bromides are closely correlated to their bacterioclastic activities, as previously reported (Kourai et al., 1995) . The relation is shown in Fig.10 . As the plot gave a straight line (correlation factor, 0.971) , those parameters were proved to have a proportional relationship.
Previously, it was reported that the introduction of the electron-releasing substituents into the pyridine ring increases the electron density of the ammonium nitrogen atom and enhances the bactericidal activity , and that bactericidal activities are proportional to their pKa values (Fig.11 , correlation factor, 0.754) (Kourai, 1992) . To estimate the influence of cyano group upon the bactericidal activity, the acidic dissociation constants of the corresponding pyridines were measured and are shown in the same figure. As 4-Cyanopyridine showed the highest pKa value of the three, and 2-and 3-cyanopyridine had the second and the third highest value, respectively, there was no proportional relationship between the bactericidal activities and the pKa values of cyanopyridines. On the other hand, the 1H-NMR and 13C-NMR spectra indicated that the values of the chemical shifts of both the methylene protons adjacent to the ammonium nitrogen and the cyano carbon were reduced only in the case of 2CNP-12.
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